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Abstract: Intensity-dependent effective four-photon absorption (4PA) coefficients in GaP and
ZnTe semiconductors were measured by the z-scan method using pump pulses of 1.75 µm
wavelength, 135 fs duration, and up to 500 GWcm−2 intensity. A nonlinear pulse propagation
model, including linear dispersion and 4PA was used to obtain the 4PA coefficients from
measurements. The intensity-dependent effective 4PA coefficients vary from 2.6× 10−4 to
65× 10−4 cm5GW−3 in GaP, and from 3.5× 10−4 to 9.1× 10−4 cm5GW−3 in ZnTe. The
anisotropy in 4PA was shown in GaP. The knowledge of 4PA coefficients is important for the
design of semiconductor photonics devices.
© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
1. Introduction
Semiconductor materials have been playing an important role in many photonics-based technolo-
gies since decades. Novel high-power ultrashort-pulse laser and parametric sources, operating at
infrared wavelengths, have recently enabled new application areas in nonlinear optics [1,2]. For
example, extremely efficient terahertz (THz) pulse generation has been investigated by optical
rectification of infrared pump pulses in semiconductors [3–9]. THz-pulse-driven high-harmonic
generation, recently demonstrated in GaSe semiconductor [10], may enable to explore and exploit
electron wavefunctions and the band structure by all-optical methods, and even lead to the
construction of intense CEP-stable solid-state attosecond sources. To design and optimize setups
and devices utilizing intense optical driving of semiconductors, the knowledge of their nonlinear
optical parameters, such as the nonlinear refractive index or multiphoton absorption coefficients,
is very important.
Theoretical scaling laws for multiphoton absorption coefficients have been given for direct-
bandgap semiconductors based on a two-band model [11]. An early summary on theoretical
models and experimental values of two- (2PA) and three-photon absorption (3PA) coefficients
for a few selected materials can be found in [12], Nathan et al. 2PA and 3PA of semiconductors
have been extensively studied experimentally in the past. The anisotropy of 2PA in GaAs [13,14]
and CdTe [13] has been studied with nanosecond and 30-ps pulses and found to reflect the
anisotropy of the band structure because of large 2PA-generated free carrier absorption. The most
commonly used method to measure 2PA and 3PA coefficients is the z-scan technique [15]. This
has been applied to measure the tensor properties (anisotropy) [16], by using the three nonlinear
eigenpolarizations [17], and the dispersion of third-order nonlinearities (2PA) [16,18] in various
semiconductors. The dispersion and the anisotropy of 2PA and 3PA in GaAs has been measured
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in the 1.3–2.5 µm wavelength range by 100-fs pulses [19]. 3PA spectra have been calculated
using a four-band model and compared to measurements in direct-band-gap semiconductors
[20,21]. A maximum in the 3PA coefficient has been found both in theory and experiment near
the 3PA cut-off wavelength.
In contrast, little is known about the four-photon absorption (4PA) and nonlinearities of even
higher order in semiconductors and other important optical materials. Recently, multi-photon
absorption in GeSbS chalcogenide glass up to the 11th order has been reported for wavelengths
between 1.1 µm and 5.5 µm [22], and values on the order of 10−4 cm5GW−3 have been found
for the 4PA coefficient. The knowledge of 4PA and higher-order nonlinearities can be crucial
for applications driven by infrared pulses. For example, in the newly developed very promising
semiconductor THz generators, 4PA can be a major design issue [9,23]. The efficiency of THz
generation in ZnTe could be increased by two orders of magnitude, from 3.1 × 10−5 [24] to as
high as 0.7% [7,8]. The reason for this enormous increase was the elimination of both 2PA and
3PA by a sufficiently long pump wavelength [3,4,6–8,25,26], thereby eliminating the associated
free-carrier absorption in the THz range. However, 4PA can still be a limiting factor for THz
generation in this case. A first attempt to estimate the 4PA coefficient in ZnTe has been made
based on THz generation results [9], but this approach is very indirect and therefore subject to
large uncertainties. GaP is another semiconductor nonlinear material of high interest for efficient
THz generation [9,23], but no experimental data on its 4PA coefficient are available. Thus, there
is a clearly perceived lack of knowledge on important material data.
In this paper, we report on the measurement of the intensity-dependent 4PA coefficient in
ZnTe and GaP semiconductors. The anisotropy of the 4PA coefficient is also investigated. For
many potential applications of optically driven semiconductors and practical device design, the
knowledge of intensity-dependent 4PA coefficients can be indispensable.
2. Experimental setup
Nonlinear transmission measurements with fs pulses have been carried out by using the z-scan
technique, which is a widely used method for measuring nonlinear absorption coefficients.
The experimental setup is shown in Fig. 1. Pump pulses of λ0 = 1.75 µm central wavelength
were delivered at 1 kHz repetition rate by a tuneable optical parametric amplifier (OPA) (Light
Conversion, HE TOPAS), driven by a Ti:sapphire laser system (Coherent, Legend Duo). The
full width at half maximum of the nearly Gaussian spectral intensity distribution of the pump
pulses was about 51 nm. A set of dichroic long-pass filters have been used to suppress possible
parasitic spectral components below about 1.65 µm. A pulse duration of 135 fs was measured by
autocorrelation.
A spatial filter was used to improve the pump beam quality to nearly Gaussian intensity profile
and cylindrical symmetry. The spatial filter consisted of a pair of 400-mm focal-length lenses
in a confocal arrangement, and a circular pinhole of 100 µm diameter, placed inside a vacuum
chamber with two uncoated windows. A lens with 500 mm focal length was used to focus the
beam for the z-scan measurement. The horizontal and vertical beam profiles have been carefully
measured by the knife-edge technique at several positions along the propagation direction of the
focused beam. The absence of astigmatism has been verified in test z-scan measurements as well.
The waist radius of the focused pump beam was w0 = 39 µm (at 1/e2 of the peak intensity). The
Rayleigh range was 2zR = 5.5 mm, significantly larger than the crystal length L. The sample
crystal was mounted on a motorized linear stage to move it along the beam propagation direction
(z-axis) around the focus. A large-area Ge photodiode of 19.6 mm2 sensitive area (Thorlabs
DET50B/M) was used to measure the power transmitted through the sample. A lens with 100 mm
focal length and 25 mm diameter, placed between the sample and the photodiode, was used to
avoid closed-aperture effects in the z-scan measurements.
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Fig. 1. Experimental setup. OPA: optical parametric amplifier, DLPF: dichroic long-pass
filters, VNDF: variable neutral density filter, BS: beam splitter, PD: reference photodiode,
SC: semiconductor crystal, LAPD: large-area photodiode.
The laser power transmitted through the sample crystal has been measured as function of the
crystal’s z-position. Z-scan measurements with GaP and ZnTe crystals have been carried out at
various pump energy levels. A step-variable neutral density filter (Thorlabs NDC-100S-4M) was
used to attenuate the beam and regulate the pump intensity. In a second measurement series,
in order to explore anisotropy effects, the electric-field polarization direction of the linearly
polarized pump pulses has been rotated in the plane of the GaP crystal, by rotating the crystal
about the beam axis.
The [110]-oriented GaP and ZnTe crystals of 10 mm × 10 mm size and L = 1 mm thickness
have been measured at room temperature. The GaP crystals were purchased from two different
manufacturers (Pi-Kem andMoltech); the ZnTe was fromMoltech. Both GaP and ZnTe crystallize
in the zincblende structure, 4¯3m. The (direct) bandgap energies (Eg) of GaP and ZnTe are 2.79 eV
and 2.26 eV [27,28], respectively. In GaP, the smaller indirect bandgap of 2.27 eV has been found
to play a less important role in multiphoton absorption induced by fs pump pulses [12,28,29],
due to the smaller probability of the indirect transition than that of the direct one. The cut-off
wavelength for 3PA, 3hc/Eg, is 1.33 µm for GaP and 1.65 µm for ZnTe. Here, h is the Planck
constant and c is the speed of light in vacuum. At pump wavelengths longer than the cut-off,
interband linear absorption, 2PA, and 3PA are not effective in the respective material, but 4PA
and higher-order multiphoton absorption can still be present. Our choice of 1.75 µm for the
pump central wavelength ensured that the entire spectrum was located above the 3PA cut-off
wavelength for both materials (for example, the spectral intensity at the 3PA cut-off in ZnTe was
less than 2% of the peak intensity). We note that the 4PA cut-off wavelength, 4hc/Eg, is 1.78 µm
for GaP and 2.19 µm for ZnTe. In case of GaP, the long-wavelength wing of the pump spectrum
containing about 10% of the pulse energy was located beyond the 4PA cut-off.
3. Theoretical model
A pulse propagation model in the slowly-varying envelope approximation was used, which
included the effects of linear dispersion and 4PA inside the crystal. Diffraction and self-focusing
effects have been neglected inside the crystal because relatively thin samples were used in the
experiment. In the calculation, we have assumed, both in time and space, a Gaussian-shaped
pump pulse, incident onto the crystal. The intensity of the pulse just after entering the crystal
was given by
I(t, z = 0, ρ; zc) = I0
w20
w2(zc)e
−4 ln(2) t2
τ2 e−
2ρ2
w2(zc) . (1)
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Here, t is the time, z (0 ≤ z ≤ L) is the coordinate along the pulse propagation direction inside
the crystal, ρ is the radial coordinate, zc is the coordinate of the input surface of the crystal in the
z-scan measurement with zc = 0 corresponding to the focus. The radius at 1/e2 of the maximum
intensity of the Gaussian beam isw(zc), the waist radius isw0, and the full-width-at-half-maximum
pulse duration is τ. I0 is the peak intensity (maximum in space and time) inside the crystal, taking
into account Fresnel losses. The complex electric field envelope inside the crystal is related to
the intensity as
A(t, z, ρ; zc) =
√
2I(t, z, ρ; zc)
0cn0
, (2)
where 0 is the vacuum permittivity and n0 is the refractive index of the crystal at the central
frequency of the pulse.
The variation of the intensity due to 4PA is given by the following equation:
d
dz
I(t, z, ρ; zc) = −β4I4(t, z, ρ; zc), (3)
where β4 is the 4PA coefficient. Therefore, the effect of 4PA on the field amplitude is given by
d
dz
A(t, z, ρ; zc) = − 116 β4(0cn0)
3A(t, z, ρ; zc)7. (4)
By using a split-step Fourier method with ∆z step size, linear dispersion was accounted for in the
spectral domain in the moving frame of the pulse according to the following equation:
A(t, z + ∆z, ρ; zc) = F −1
[
F [A(t, z, ρ; zc)] ei
[n(ω)−ng(ωo)]ω
c ∆z
]
. (5)
Here, F (F −1) denotes (inverse) Fourier transform, ω is the angular frequency, and ng(ω0) is the
group refractive index of the crystal at the ω0=2pic/λ0 central frequency of the pulse.
Equations (4) and (5) were numerically solved for different radial coordinates ρ using a
split-step Fourier method, similar to that in [30], Yin et al. The z-scan curve, i.e. the normalized
transmission T through the sample crystal, as function of the crystal position zc can be obtained
by
T(zc) =
∫ ∞
−∞
∫ ∞
0 |A(t, z = L, ρ; zc |2ρdρdt∫ ∞
−∞
∫ ∞
0 |A(t, z = 0, ρ; zc |2ρdρdt
. (6)
4. Results and discussion
The results of open-aperture z-scan measurements in [110]-cut GaP and ZnTe crystals, pumped
at 1.75 µm wavelength, are shown in Fig. 2. The normalized transmission values refer to those
inside the crystal and have been corrected for the Fresnel loss. Negative (positive) zc values refer
to crystal position before (behind) the focus zc = 0. In these measurements, the polarization of
the pump pulse was either along the [1¯11]-direction or along the [11¯1]-direction of the crystals.
These directions correspond to the maxima of the second-order nonlinear polarization and are
typically used for example in THz generation by optical rectification [7,8]. The intensity values
given in the legends refer to peak intensities I0 at beam centre inside the sample materials.
In case of GaP, Fig. 2(a), the minimum of the measured relative transmission rapidly decreases
with increasing pump intensity. At about 150 GWcm−2, saturation of the nonlinear absorption sets
on, indicating, besides 4PA, the contribution of other nonlinear effects at higher intensities. In this
regime, one can also observe a forward shift of the transmission minima and a change of the shape
of the z-scan curves with increasing pump intensity. At the highest intensities (≥ 300 GWcm−2),
the z-scan curves become asymmetric, which is the signature of closed-aperture effect due to
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Fig. 2. Measured z-scan curves at various I0 on-axis peak pump intensity levels for GaP (a)
and ZnTe (b).
nonlinear beam reshaping, and can also explain the forward shift of the transmission minima.
This was observable despite using an additional positive lens before the detector (see Fig. 1). In
case of ZnTe, Fig. 2(b), similar behaviour has been observed, except that the nonlinear change of
the transmission is somewhat smaller at comparable intensities and the saturation effect become
visible below 100 GWcm−2.
In order to filter out closed-aperture effect at high intensities, the measured z-scan curves
have been symmetrized according to Ts(zc) = [T(zc) + T(−zc)]/2 [31]. The minima of the
measured and symmetrized z-scan curves have been fitted by varying the 4PA coefficient in
the nonlinear pulse propagation model described in Section 3. In each case, a few measured
data points with the lowest transmission values were considered for fitting the least-square
method. The only free parameter in the fitting was the β4 coefficient. Examples of measured and
symmetrized GaP (Pi-Kem) z-scan curves, corresponding to different peak pump intensities, are
shown in Fig. 3, together with the calculated curves, using the best-fit 4PA coefficient value. The
measured and the calculated z-scan curves are in good agreement in the intensity regime below
about 100 GWcm−2, where no saturation of the nonlinear transmission occurs (Fig. 3(a)). No
significant closed-aperture effect is observed in this range, as illustrated by the nearly vanishing
antisymmetric part of the z-scan curve, Ta(zc) = [T(zc) − T(−zc)]/2. The agreement between
measured and calculated z-scan data is gradually reduced with the onset of saturation (Figs. 3(b)
and 3(c)). In this range, increasing closed-aperture effects are also clearly shown by the increasing
amplitudes of the antisymmetric parts. The obtained 4PA coefficients are dependent on the peak
pump intensity, which is consistent with the presence of other nonlinear effects besides 4PA. We
note that considering the obtained intensity dependence of the 4PA coefficient in calculating
the individual z-scan curves could possibly improve the agreement between experimental and
calculated z-scan curves. However, this would add significant numerical complexity to the model
but would not change the 4PA values because they are obtained from the measured transmission
minima. For this reason, such a correction has not been carried out here.
The intensity-dependent 4PA coefficients, obtained from fitting the measured-symmetrized
z-scan curves, are shown in Fig. 4 as function of the on-axis peak pump intensity. The numerical
values are also shown in the inset table in Fig. 4. In case of GaP, the 4PA coefficient increases
monotonically from 2.6 × 10−4 cm5GW−3 at 37.5 GWcm−2 pump intensity to its maximum of
56.5 × 10−4 cm5GW−3 at 183 GWcm−2 intensity. The maximum is 64.9 × 10−4 cm5GW−3 in
case of the Moltech GaP crystal. The maximum is followed by a monotonic decrease at still
higher intensities. There was no significant difference between the two GaP crystals. Similar
behaviour was found for ZnTe, but the maximum value of the 4PA coefficient was about 6
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Fig. 3. Examples of symmetrized z-scan curves, measured at different I0 on-axis peak
pump intensities (symbols), and the best-fit calculated curves (solid line) in case of GaP.
The dashed lines show the antisymmetric parts of the z-scan curves, shifted by 1 for better
visibility.
times smaller, measured at about 3 times lower intensity. The 4PA coefficient increases from
3.5 × 10−4 cm5GW−3 at 34.4 GWcm−2 intensity to 9.1 × 10−4 cm5GW−3 at 63 GWcm−2. At
higher intensities, the 4PA coefficient decreases. The knowledge of the intensity-dependent
(effective) 4PA coefficients can be useful in designing practical devices and constitute the central
result of this work.
Fig. 4. Intensity-dependent 4PA coefficients as function of the on-axis peak pump intensity.
The numerical values in the inset table are given in the same units as in the graph.
The intensity dependence of the determined 4PA coefficients and the occurrence of closed-
aperture effect at higher intensities, hinting to strong beam reshaping by nonlinear phase shift, are
signatures of additional nonlinear effects not considered in ourmodel. These effectsmay contribute
both to nonlinear absorption as well as the nonlinear refractive index. Nonlinear absorption can
be caused by a number of effects, such as five-photon and higher-order multiphoton absorption,
the absorption of free carriers generated by multiphoton absorption and tunnel ionization from
the valence to the conduction band [10,32], or non-phase-matched second-harmonic generation
and eventually subsequent 2PA. Contribution to the nonlinear phase can arise from the nonlinear
refractive index n2 and from free carriers generated by the effects mentioned above [33]. The
nonlinear phase can also change the beam size, besides changing the temporal shape, which
can lead to the change of the free-space propagation of the beam, but also to the change of the
intensity and the nonlinear absorption within the sample.
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At higher intensities, free-carrier generation by 4PA can contribute to the nonlinear absorption.
Figure 5 shows the estimation of the free-carrier absorption (FCA) coefficient αfc(λ) = 4pi ·
Im[√fc(λ)]/λ as function of the intensity. Here, λ is the wavelength and fc(λ) is the free-carrier
contribution to the complex dielectric function [23]. The calculation, which may overestimate
FCA, is based on the 4PA coefficients in Fig. 4. According to Fig. 5, αfc ·L>1 holds for L = 1 mm
above about 120 GWcm−2 intensity in GaP. This suggests that FCA can contribute to the increase
of the 4PA coefficient of GaP at intermediate intensities between about 120 GWcm−2 and 200
GWcm−2. Possible saturation of FCA due to the scattering of the free carriers into valleys with
low mobility and/or anharmonicity of the valleys causing low mobility of highly excited electrons
[34] can contribute to the decrease of the 4PA coefficient observed at still higher intensities. In
ZnTe αfc · L>1 holds for L = 1 mm above about 170 GWcm−2 intensity, and the contribution of
FCA and its saturation to the increase and subsequent decrease (above about 70 GWcm−2) of the
4PA coefficient may be less significant. We note that the saturation of FCA in a ZnTe THz source
has been reported in [35], Ku et al.
Fig. 5. Estimated free-carrier absorption coefficient as function of the on-axis peak pump
intensity.
Non-phase-matched second-harmonic generation, followed by 2PA is estimated to be less
likely to contribute. The highest intensity used in case of GaP was 471 GWcm−2, which gives a
Keldysh parameter of about 3.2, indicating the absence of strong tunnelling effects. Furthermore,
a significant redistribution of the electron population due to the intense excitation can even lead to
additional changes of the linear and nonlinear optical parameters, and other material parameters,
such as the bandgap. Further experimental and theoretical investigations are needed to clarify
possible contributions of the mentioned effects. Such studies, which are beyond the scope of the
present work, may include the development of more sophisticated theoretical models and optical
pump—THz probe measurements of transient carrier dynamics.
4PA can be a major efficiency-limiting effect in semiconductor THz sources pumped at
wavelengths longer than the cut-off for 3PA. In our previous work, we gave the estimation
of (3 ± 1) × 10−5 cm5GW−3 for the 4PA coefficient in ZnTe by fitting simulation results to
experimental data on THz generation efficiency [9]. The prediction of simulations using this
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value of the 4PA coefficient agreed well with the observed saturation of the THz generation
efficiency and the maximum efficiency found at 14 GWcm−2 pump intensity. However, it is about
one order of magnitude smaller than the smallest 4PA coefficient measured here by z-scan at
about two times higher intensity (Fig. 4).
In a further z-scan measurement series, the polarization direction of the linearly polarized pump
pulses has been varied with respect to the dielectric Z[001]-axis of the [110]-oriented GaP crystal.
The pump intensity was 65 GWcm−2. The results, shown in Fig. 6, clearly reveal the anisotropy
of the 4PA coefficient, which varies between 3.4 × 10−4 cm5GW−3 and 14.5 × 10−4 cm5GW−3.
The error bar in determining the 4PA coefficient value can be estimated to about 6.5% due to
laser intensity fluctuation. The two largest 4PA coefficient values can be seen, at 55◦ and 135◦
polarization angles, measured from the Z-axis. The extraordinarily large value at 55◦ is most
probably due to the effect of crystal surface errors or dust. No polarization-dependent z-scan
measurements have been carried out with ZnTe here, but a similar behaviour can be expected due
to symmetry reasons. We note that the second-order nonlinear susceptibility, responsible for
second-harmonic generation (SHG) or optical rectification, also exhibits a qualitatively similar
anisotropy (see the red empty symbol and the red dashed curve in Fig. 6 for SHG in GaP, and the
Supplementary Material in [8], Fülöp et al. for ZnTe). Its maxima are at 54.7◦ and 125◦ (vertical
dashed lines in Fig. 6), which are close to the 55◦ and 135◦ angles where 4PA maxima were
found.
Fig. 6. Measured anisotropy of the 4PA coefficient in GaP (full symbols, left vertical axis)
as function of the pump polarization angle. For comparison, the measured (red empty
symbols) and calculated (dashed red line) SHG efficiency (right vertical axis) is also shown.
The vertical dashed lines indicate the given crystallographic directions.
We note that qualitatively similar anisotropy has been reported for 2PA [14] and 3PA [19] in
[110]-oriented GaAs, which has the same symmetry group as GaP and ZnTe. Good agreement
was found between 2PA anisotropy measurements of GaAs with ps [14] and ns [13] pulses.
In the latter case, 2PA-induced free-carrier absorption was large, and the 2PA anisotropy was
found to reflect the anisotropy of the band structure. An expression for the pump polarization
dependence of the effective third-order nonlinear susceptibility, relevant for 2PA, can be easily
derived from the tensor symmetry properties [14,36]. The description of 3PA anisotropy requires
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the knowledge of the symmetry properties of the fifth-order nonlinear susceptibility tensor, which
is already sparse in the literature [37,38]. 4PA anisotropy requires to deal with the seventh-order
nonlinear susceptibility tensor (of rank 8), which we have not found in the literature. Due to
the uncertainties in the exact physical origin and the mathematical complexity, a theoretical
discussion of 4PA anisotropy is beyond the scope of this work.
For comparison, we note that an estimation of 10−7 cm5GW−3 has been given for the 4PA
coefficient of LiNbO3 based on THz generation results with 1.03 µm pump wavelength [3]. This
value is less reliable, as it is dependent on another fitting parameter [3]. The values obtained in
the present work for GaP and ZnTe are three to four orders of magnitude larger. 4PA values on
the order of 10−4 cm5GW−3 have been reported for GeSbS chalcogenide glass [22], which are of
similar order of magnitude than our values for ZnTe. Our values for GaP are of similar order
or one order of magnitude larger, depending on intensity. The relatively large values of 4PA
coefficients in the investigated semiconductors underlines the importance of their knowledge,
because 4PA can be significant even at moderate optical intensities.
It is also noted that we have carried out closed-aperture z-scanmeasurements at a pump intensity
of 57.2 GWcm−2 to estimate the nonlinear refractive index at the 1.75 µm pump wavelength. A
value of n2 = 1.9 × 10−18 m2W−1 was found for GaP and n2 = 1.6 × 10−18 m2W−1 for ZnTe.
Values at some other wavelengths can be found in [28], Liu et al. and [39], He et al.
5. Conclusion
Intensity-dependent four-photon absorption (4PA) coefficients in GaP and ZnTe semiconductors
have been measured by the z-scan method using pump pulses of 1.75 µm wavelength and 135 fs
duration. The choice of the pump wavelength longer than the cut-off for 4PA ensured that no
interband linear, as well as two- and three-photon absorptions had to be taken into account. The
intensity-dependent 4PA coefficients, obtained in a very broad range of pump intensities from
about 30 GWcm−2 up to about 500 GWcm−2, vary from 2.6 × 10−4 to 65 × 10−4 cm5GW−3 in
GaP, and from 3.5 × 10−4 to 9.1 × 10−4 cm5GW−3 in ZnTe. The anisotropy of 4PA has been
shown in GaP.
The knowledge of 4PA coefficients is important for the design of semiconductor nonlinear
optical devices. Prominent examples are extremely efficient monolithic semiconductor THz
sources [7–9,23], demonstrated recently, which are potential next-generation drivers for high-field
applications such as THz nonlinear spectroscopy and particle acceleration.
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